
Rapidity gaps in high energy 
photoproduction

Anna Staśto

Anna Stasto, CFNS Workshop, February 9, 2022

Penn State University



Anna Staśto, Rapidity gaps in high energy photoproduction, February 9  2022

Outline

2

Based on work in collaboration with: 

Piotr Kotko, Leszek Motyka, Mariusz Sadzikowski arXiv:1905.00130 

Michal Deak, Mark Strikman arXiv:2011.04711 

Selected results also appeared in Yellow Report arXiv:2103.05419.
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•Formalism for VM production at high -t: scattering of Pomeron off a parton 
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Diffractive VM production
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Elastic Dissociative

Experimental determination: proton tagging or large rapidity gap . 

Dominates at low -t. Elastic 
scattering of a small color 
dipole off a nucleon

Dominates at high -t. Elastic scattering 
of a small color dipole off a  parton in 
nucleon
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Far forward detectors at EIC
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548 11.6. FAR-FORWARD DETECTORS
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Figure 11.86: Image of the Far-Forward IR and the associated detector components.
Image generated using Geant4+EicRoot.

Detector (x,z) Position [m] Dimensions q [mrad] Notes
ZDC (0.96, 37.5) (60cm, 60cm, 2m) q < 5.5 ⇠4.0 mrad at f = p

Roman Pots (2 stations) (0.85, 26.0) (0.94, 28.0) (25cm, 10cm, n/a) 0.0 < q < 5.5 10 s cut.
Off-Momentum Detector (0.8, 22.5), (0.85, 24.5) (30cm, 30cm, n/a) 0.0 < q < 5.0 0.4 < xL < 0.6
B0 Spectrometer (x = 0.19, 5.4 < z < 6.4) (26cm, 27cm, n/a) 5.5 < q < 13.0 ⇠20 mrad at f=0

Table 11.44: Summary of far-forward detector locations and angular acceptances for charged
hadrons, neutrons, photons, and light nuclei or nuclear fragments. In some cases, the an-
gular acceptance is not uniform in f, as noted in the table. For the three silicon detectors
(Roman Pots, Off-Momentum Detectors, and B0 spectrometer) a depth is not given, just the
2D size of the silicon plane. For the Roman Pots and Off-Momentum Detectors, the sim-
ulations have two silicon planes spaced 2m apart, while the B0 detectors have four silicon
planes evenly spaced along the 1.2m length of the B0pf dipole magnet bore. The planes have
a ”hole” for the passage of the hadron beam pipe that has a radius of 3.2cm.

light nuclei which are separated from the hadron beam by up to 5 mrad. The windows
on the pots through which protons or light nuclei can enter to be measured by the silicon
detectors are generally placed within 1 mm or so of the beam (depending on the beam
optics and hence the transverse beam size at the RP location), with safe distance being
defined as the “10 sx,y” region, where sx,y is the transverse size of the beam in x and y.
Fig. 11.87 shows a cartoon sketch of the basic concept being considered, but note that
the stainless steel pots themselves are not shown in the cartoon. In this section, basic
requirements for the sensors will be discussed first, and technology appropriate for use in
the EIC diffractive physics program will be discussed at the end.

Basic Requirements for Roman Pots

In general, the Roman Pots need to have both the necessary acceptance and resolution
to carry out the diffractive physics program at the EIC. The acceptance is driven by the

Detector Angle Position [m]
ZDC  θ<5.5 mrad 37.5

Roman Pots 0.5<θ<5.0 mrad 26.0, 28.0
Off-momentum detectors θ<5.0 mrad 22.5, 25.5

B0 6.0<θ<20.0 mrad 5.4<z<6.4

Yellow Report 2021
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Final proton tagging
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Small angle acceptance i.e. Roman pots

Much better than at HERA 

Best way to select diffractive events through proton tagging
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Figure 1: A diagram of a di↵ractive NC event in deep inelastic process together with the
corresponding variables, in the one-photon exchange approximation. The large rapidity gap is
between the system X and the scattered proton Y (or its low mass excitation).

range in new machines, and in 3.3 the method to obtain the projected pseudodata with errors86

is discussed. In Sec. 4 we present our fitting methodology and the potential for constraining87

of the di↵ractive parton densities by both machines. Sec. 5 is devoted to the prospects of the88

di↵ractive deep inelastic in nuclei. Finally we summarize our findings in Sec. 6.89

2 Di↵ractive cross section and di↵ractive PDFs90

In Fig. 1 we show the diagram depicting a neutral current di↵ractive deep inelastic event.91

Charged currents could also be considered and they were measured at HERA [10] but with large92

statistical uncertainties and in a very restricted region of phase space. Although they could be93

measured at both the LHeC and the FCC-eh with larger statistics and more extended kinematics,94

in this first study we limit ourselves to neutral currents. The incoming electron(positron) with95

four momentum k scatters o↵ the proton, with incoming momentum p, and the interaction96

proceeds through the exchange of a virtual photon with four-momentum q. The kinematic97

variables for an such event include the standard deep inelastic variables98

Q2 = �q2 , x =
�q2

2p · q
, y =

p · q

p · k
, (1)

where Q2 is the (minus) photon virtuality, x is the Bjorken variable and y the inelasticity of the99

process. In addition, the variables100

s = (k + p)2 , W 2 = (q + p)2 , (2)

are the electron-proton center-of-mass energy squared and the photon-proton center-of-mass101

energy squared, respectively. The distinguishing feature of the di↵ractive event ep ! eXY102

is the presence of the large rapidity gap between the di↵ractive system, characterized by the103

invariant mass MX and the final proton (or its low-mass excitation) Y with four momentum p0.104

In addition to the standard DIS variables listed above, di↵ractive events are also characterized105

by an additional set of variables defined as106

t = (p� p0)2 , ⇠ =
Q2 +M2

X � t

Q2 +W 2
, � =

Q2

Q2 +M2
X � t

. (3)

3

(xL, p?)
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 measured in LAB, collinear (e,p) frame(xL, p?, ✓)
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Dissociative diffraction with vector mesons
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Figure 1. Di↵ractive photoproduction of a vector meson V . The zigzag line corresponds to a
perturbative Pomeron coupling to individual partons inside the proton.

(PDFs), that describe the structure of the proton target:

d� =
X

i=g,q,q̄

Z
dx fi(x, µ) d�̂�i(ŝ, t, µ) , (2.2)

where ŝ = xs is the photon–parton invariant mass squared, and fi is the PDF for the parton

i which may be a quark (anti-quark) or a gluon. A natural choice for the factorization scale

is µ ⇠
p
|t|. Here x is the longitudinal fraction of the proton light cone momentum carried

by the quark or gluon. In what follows, the transverse two-vectors in the light cone basis

are denoted by the bold characters; for example, we denote the vector meson transverse

momentum as p. In the high energy kinematics we have t ' �|p|2 ⌘ �p2. In Eq. (2.2) the

coupling of the high-t Pomeron to the proton is assumed to occur through coupling to the

individual partons. This approximation was studied in detail and motivated in [35, 60, 61].

In the high energy limit, the kinematic part of the BFKL Pomeron coupling to quarks

and gluons is the same. The only di↵erence between the quark and gluon partonic target

comes from the color factors,

d�̂�i = C�i d�1�P , (2.3)

where C�i, i = q, g, is the color factor and

d�1�P =
1

16⇡ŝ2
��A

�
ŝ, t = �p2

���2 d2p

⇡
, (2.4)

with A being the amplitude to produce the vector meson through a single Pomeron ex-

change (Fig. 2). The amplitude is dominated by the imaginary part, and the correction

coming from the real part enters only at a subleading order in the logarithmic expansion

and may be neglected. The imaginary part of the amplitude reads

ImA
�
ŝ, t = �p2

�
= ŝ

Z
d2k1

2⇡

�V (k1,p)�q (y,k1,p)

(k2
1 + s0) [(p� k1)2 + s0]

, (2.5)

– 6 –

finds the topology of the BFKL Pomeron loop spanned between the meson impact factors

at the projectile side and the parton impact factor at the target side. So, besides evaluating

the correlated 3GF contribution with the BKP/BFKL evolution e↵ects included, we shall

also revisit the di↵ractive photoproduction case and analyse in detail the properties of the

BFKL Pomeron loop in the t-channel.

The paper is organized as follows. In the next section we describe the theoretical frame-

work for the di↵ractive heavy vector meson production in DIS, and the non-forward BFKL

evolution. In Section 3 the two-Pomeron contribution to the vector meson hadroproduction

is analyzed. The details of the color factors are discussed and the BFKL Pomeron in the

conformal representation is described. In Section 4 the properties of the Pomeron loop at

the parton level are analyzed, in particular the dependence on the transverse momentum.

In Section 5 we present the comparison of our numerical calculations with the vector meson

production in di↵ractive DIS as well as in hadroproduction, and we discuss the results in

Section 6. Finally, in Section 7 we give summary and conclusions.

2 Di↵ractive heavy vector meson production

We begin with a short recollection of the perturbative QCD approach to the hard color

singlet exchange in the di↵ractive heavy vector meson V photoproduction o↵ a proton

at large momentum transfer t. The process was investigated in detail at HERA in e±p

collisions with invariant c.m.s. energy
p
S = 318GeV. In the measurement of the process

e±p ! e±V X, a large rapidity gap devoid of particles is required. It separates the produced

vector meson V and the dissociated proton remnant X. The e±p cross section may be

factorized into a universal flux function of quasi-real photons in the electron and the cross

section for the di↵ractive photoproduction subprocess,

� p ! V X , (2.1)

with the rapidity gap. In this process the photon–proton invariant mass,
p
s =

p
zS, is

assumed to be much larger than all the other scales present in the process, hence s � |t|

and s � M2
V , where MV is the meson mass. The applicability of the perturbative QCD

is ensured by the conditions |t| � ⇤2
QCD and M2

V � ⇤2
QCD. The di↵ractively produced

C-odd state V is assumed to be a heavy vector quarkonium. In this work we focus on the

J/ meson. Since in the available data the photon flux is strongly dominated by very low

virtualities �q2 = Q2 we take the limit Q2
! 0 in calculations of the QCD amplitudes.

Within the kinematic regime specified above, the color singlet exchange in the t-channel

of the process (2.1) may be described in QCD as the perturbative Pomeron exchange

(Fig. 1), that is governed by the non-forward BFKL equation [9–11, 13, 14]. Due to the

large momentum transfer, the cross section can be factorized into a partonic cross section

(dominated by the Pomeron exchange) and the collinear parton distribution functions

– 5 –
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Factorization of the collinear PDFs  and partonic cross section
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Figure 1. Di↵ractive photoproduction of a vector meson V . The zigzag line corresponds to a
perturbative Pomeron coupling to individual partons inside the proton.

(PDFs), that describe the structure of the proton target:

d� =
X

i=g,q,q̄

Z
dx fi(x, µ) d�̂�i(ŝ, t, µ) , (2.2)

where ŝ = xs is the photon–parton invariant mass squared, and fi is the PDF for the parton

i which may be a quark (anti-quark) or a gluon. A natural choice for the factorization scale

is µ ⇠
p
|t|. Here x is the longitudinal fraction of the proton light cone momentum carried

by the quark or gluon. In what follows, the transverse two-vectors in the light cone basis

are denoted by the bold characters; for example, we denote the vector meson transverse

momentum as p. In the high energy kinematics we have t ' �|p|2 ⌘ �p2. In Eq. (2.2) the

coupling of the high-t Pomeron to the proton is assumed to occur through coupling to the

individual partons. This approximation was studied in detail and motivated in [35, 60, 61].

In the high energy limit, the kinematic part of the BFKL Pomeron coupling to quarks

and gluons is the same. The only di↵erence between the quark and gluon partonic target

comes from the color factors,

d�̂�i = C�i d�1�P , (2.3)

where C�i, i = q, g, is the color factor and

d�1�P =
1

16⇡ŝ2
��A

�
ŝ, t = �p2

���2 d2p

⇡
, (2.4)

with A being the amplitude to produce the vector meson through a single Pomeron ex-

change (Fig. 2). The amplitude is dominated by the imaginary part, and the correction

coming from the real part enters only at a subleading order in the logarithmic expansion

and may be neglected. The imaginary part of the amplitude reads

ImA
�
ŝ, t = �p2

�
= ŝ

Z
d2k1

2⇡

�V (k1,p)�q (y,k1,p)

(k2
1 + s0) [(p� k1)2 + s0]

, (2.5)
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Figure 1. Di↵ractive photoproduction of a vector meson V . The zigzag line corresponds to a
perturbative Pomeron coupling to individual partons inside the proton.

(PDFs), that describe the structure of the proton target:

d� =
X

i=g,q,q̄

Z
dx fi(x, µ) d�̂�i(ŝ, t, µ) , (2.2)

where ŝ = xs is the photon–parton invariant mass squared, and fi is the PDF for the parton

i which may be a quark (anti-quark) or a gluon. A natural choice for the factorization scale

is µ ⇠
p
|t|. Here x is the longitudinal fraction of the proton light cone momentum carried

by the quark or gluon. In what follows, the transverse two-vectors in the light cone basis

are denoted by the bold characters; for example, we denote the vector meson transverse

momentum as p. In the high energy kinematics we have t ' �|p|2 ⌘ �p2. In Eq. (2.2) the

coupling of the high-t Pomeron to the proton is assumed to occur through coupling to the

individual partons. This approximation was studied in detail and motivated in [35, 60, 61].

In the high energy limit, the kinematic part of the BFKL Pomeron coupling to quarks

and gluons is the same. The only di↵erence between the quark and gluon partonic target

comes from the color factors,

d�̂�i = C�i d�1�P , (2.3)

where C�i, i = q, g, is the color factor and

d�1�P =
1

16⇡ŝ2
��A

�
ŝ, t = �p2

���2 d2p

⇡
, (2.4)

with A being the amplitude to produce the vector meson through a single Pomeron ex-

change (Fig. 2). The amplitude is dominated by the imaginary part, and the correction

coming from the real part enters only at a subleading order in the logarithmic expansion

and may be neglected. The imaginary part of the amplitude reads

ImA
�
ŝ, t = �p2

�
= ŝ

Z
d2k1

2⇡

�V (k1,p)�q (y,k1,p)

(k2
1 + s0) [(p� k1)2 + s0]

, (2.5)
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are denoted by the bold characters; for example, we denote the vector meson transverse

momentum as p. In the high energy kinematics we have t ' �|p|2 ⌘ �p2. In Eq. (2.2) the

coupling of the high-t Pomeron to the proton is assumed to occur through coupling to the

individual partons. This approximation was studied in detail and motivated in [35, 60, 61].
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��A

�
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where k1 and p � k1 ⌘ k2 are transverse momenta of the exchanged gluons, and p is

the transverse momentum carried by the Pomeron. �V , �q are the impact factors for the

vector meson and for the quark, respectively. They are stripped o↵ the color factors. In

addition, the quark impact factor �q is evolved to rapidity y using the BFKL evolution.

The exact form of the impact factors will be described below in this section. The rapidity

evolution length y of the quark impact factor is defined by the relation

y = log

✓
ŝ

⇤2

◆
, (2.6)

where we set ⇤ = ET ⌘

q
M2

V + p2. This choice is di↵erent than the choice made in

earlier studies [4–7], where ⇤ = MV was used. The latter value was selected as a result of

fits driven mostly by the light vector meson high-t photoproduction data. The J/ data,

however, were well described both with ⇤ = ET and ⇤ = MV . Hence in this paper we use

⇤ = ET , the value with a straightforward kinematic motivation. This choice was used e.g.

in Ref. [3].

The small parameter s0 is a phenomenological infrared cuto↵ that mimicks the e↵ects

of the color confinement; the results are, however, finite for s0 ! 0. We introduce this

parameter following the approach proposed in Ref. [62]. The amplitude does not depend

on the produced meson direction in the transverse plane, hence the phase space d2p in

(2.4) may be trivially integrated over the azimuthal angle. We present the results in this

form to keep the notation uniform with the more complicated case of the vector meson

hadroproduction, which we shall describe in Section 3.
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duction o↵ a parton: a gluon (left) and a quark (right). The non-forward BFKL Green’s function
G is evolved along the rapidity gap between the vector meson and the proton remnants.

In the calculations we take the non-relativistic approximation for the meson wave

function. With this assumption the lowest order photon to vector meson impact factor

reads [33, 63, 64]

�ab
�V (k1,p) = �V (k1,p)

�ab

Nc
, (2.7)

where a, b are color indices of the exchanged gluons, and the kinematic part of the impact

factor reads

�V (k1,p) = 16⇡eeq↵sMV gV
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where ŝ = xs is the photon–parton invariant mass squared, and fi is the PDF for the parton

i which may be a quark (anti-quark) or a gluon. A natural choice for the factorization scale

is µ ⇠
p

|t|. Here x is the longitudinal fraction of the proton light cone momentum carried

by the quark or gluon. In what follows, the transverse two-vectors in the light cone basis

are denoted by the bold characters; for example, we denote the vector meson transverse

momentum as p. In the high energy kinematics we have t ' �|p|2 ⌘ �p2. In Eq. (2.2) the

coupling of the high-t Pomeron to the proton is assumed to occur through coupling to the

individual partons. This approximation was studied in detail and motivated in [35, 60, 61].

In the high energy limit, the kinematic part of the BFKL Pomeron coupling to quarks

and gluons is the same. The only di↵erence between the quark and gluon partonic target

comes from the color factors,

d�̂�i = C�i d�1�P , (2.3)

where C�i, i = q, g, is the color factor and
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with A being the amplitude to produce the vector meson through a single Pomeron ex-

change (Fig. 2). The amplitude is dominated by the imaginary part, and the correction

coming from the real part enters only at a subleading order in the logarithmic expansion

and may be neglected. The imaginary part of the amplitude reads
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Imaginary part of the amplitude

where k1 and p � k1 ⌘ k2 are transverse momenta of the exchanged gluons, and p is

the transverse momentum carried by the Pomeron. �V , �q are the impact factors for the

vector meson and for the quark, respectively. They are stripped o↵ the color factors. In

addition, the quark impact factor �q is evolved to rapidity y using the BFKL evolution.

The exact form of the impact factors will be described below in this section. The rapidity

evolution length y of the quark impact factor is defined by the relation

y = log

✓
ŝ

⇤2

◆
, (2.6)

where we set ⇤ = ET ⌘

q
M2

V + p2. This choice is di↵erent than the choice made in

earlier studies [4–7], where ⇤ = MV was used. The latter value was selected as a result of

fits driven mostly by the light vector meson high-t photoproduction data. The J/ data,

however, were well described both with ⇤ = ET and ⇤ = MV . Hence in this paper we use

⇤ = ET , the value with a straightforward kinematic motivation. This choice was used e.g.

in Ref. [3].

The small parameter s0 is a phenomenological infrared cuto↵ that mimicks the e↵ects

of the color confinement; the results are, however, finite for s0 ! 0. We introduce this

parameter following the approach proposed in Ref. [62]. The amplitude does not depend

on the produced meson direction in the transverse plane, hence the phase space d2p in

(2.4) may be trivially integrated over the azimuthal angle. We present the results in this

form to keep the notation uniform with the more complicated case of the vector meson

hadroproduction, which we shall describe in Section 3.
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Figure 2. The diagrams contributing to the cross section for di↵ractive vector meson V photopro-
duction o↵ a parton: a gluon (left) and a quark (right). The non-forward BFKL Green’s function
G is evolved along the rapidity gap between the vector meson and the proton remnants.

In the calculations we take the non-relativistic approximation for the meson wave

function. With this assumption the lowest order photon to vector meson impact factor

reads [33, 63, 64]

�ab
�V (k1,p) = �V (k1,p)

�ab

Nc
, (2.7)

where a, b are color indices of the exchanged gluons, and the kinematic part of the impact

factor reads

�V (k1,p) = 16⇡eeq↵sMV gV
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function. With this assumption the lowest order photon to vector meson impact factor

reads [33, 63, 64]

�ab
�V (k1,p) = �V (k1,p)

�ab

Nc
, (2.7)

where a, b are color indices of the exchanged gluons, and the kinematic part of the impact

factor reads

�V (k1,p) = 16⇡eeq↵sMV gV
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where k1 and p � k1 ⌘ k2 are transverse momenta of the exchanged gluons, and p is

the transverse momentum carried by the Pomeron. �V , �q are the impact factors for the

vector meson and for the quark, respectively. They are stripped o↵ the color factors. In

addition, the quark impact factor �q is evolved to rapidity y using the BFKL evolution.

The exact form of the impact factors will be described below in this section. The rapidity

evolution length y of the quark impact factor is defined by the relation

y = log

✓
ŝ

⇤2

◆
, (2.6)

where we set ⇤ = ET ⌘

q
M2

V + p2. This choice is di↵erent than the choice made in

earlier studies [4–7], where ⇤ = MV was used. The latter value was selected as a result of

fits driven mostly by the light vector meson high-t photoproduction data. The J/ data,

however, were well described both with ⇤ = ET and ⇤ = MV . Hence in this paper we use

⇤ = ET , the value with a straightforward kinematic motivation. This choice was used e.g.

in Ref. [3].

The small parameter s0 is a phenomenological infrared cuto↵ that mimicks the e↵ects

of the color confinement; the results are, however, finite for s0 ! 0. We introduce this

parameter following the approach proposed in Ref. [62]. The amplitude does not depend

on the produced meson direction in the transverse plane, hence the phase space d2p in

(2.4) may be trivially integrated over the azimuthal angle. We present the results in this

form to keep the notation uniform with the more complicated case of the vector meson

hadroproduction, which we shall describe in Section 3.

x

k1 k1 � p

p

k0
1

k0
1 � p

V

G G

x

k1 k1 � p

p

k0
1

k0
1 � p

V

G G

Figure 2. The diagrams contributing to the cross section for di↵ractive vector meson V photopro-
duction o↵ a parton: a gluon (left) and a quark (right). The non-forward BFKL Green’s function
G is evolved along the rapidity gap between the vector meson and the proton remnants.

In the calculations we take the non-relativistic approximation for the meson wave

function. With this assumption the lowest order photon to vector meson impact factor

reads [33, 63, 64]
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�V (k1,p) = �V (k1,p)

�ab

Nc
, (2.7)

where a, b are color indices of the exchanged gluons, and the kinematic part of the impact

factor reads
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impact factors for vector meson and quark

x

P

V (p)�

s

X
p

t

Figure 1. Di↵ractive photoproduction of a vector meson V . The zigzag line corresponds to a
perturbative Pomeron coupling to individual partons inside the proton.

(PDFs), that describe the structure of the proton target:

d� =
X

i=g,q,q̄

Z
dx fi(x, µ) d�̂�i(ŝ, t, µ) , (2.2)

where ŝ = xs is the photon–parton invariant mass squared, and fi is the PDF for the parton

i which may be a quark (anti-quark) or a gluon. A natural choice for the factorization scale

is µ ⇠
p

|t|. Here x is the longitudinal fraction of the proton light cone momentum carried

by the quark or gluon. In what follows, the transverse two-vectors in the light cone basis

are denoted by the bold characters; for example, we denote the vector meson transverse

momentum as p. In the high energy kinematics we have t ' �|p|2 ⌘ �p2. In Eq. (2.2) the

coupling of the high-t Pomeron to the proton is assumed to occur through coupling to the

individual partons. This approximation was studied in detail and motivated in [35, 60, 61].

In the high energy limit, the kinematic part of the BFKL Pomeron coupling to quarks

and gluons is the same. The only di↵erence between the quark and gluon partonic target

comes from the color factors,

d�̂�i = C�i d�1�P , (2.3)

where C�i, i = q, g, is the color factor and

d�1�P =
1

16⇡ŝ2
��A

�
ŝ, t = �p2

���2 d2p

⇡
, (2.4)

with A being the amplitude to produce the vector meson through a single Pomeron ex-

change (Fig. 2). The amplitude is dominated by the imaginary part, and the correction

coming from the real part enters only at a subleading order in the logarithmic expansion

and may be neglected. The imaginary part of the amplitude reads

ImA
�
ŝ, t = �p2

�
= ŝ

Z
d2k1

2⇡

�V (k1,p)�q (y,k1,p)

(k2
1 + s0) [(p� k1)2 + s0]

, (2.5)
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evolved impact factor for quark with rapidity y
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One can derive more precisely:

y = ln
ŝp
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Figure 1. Di↵ractive photoproduction of a vector meson V . The zigzag line corresponds to a
perturbative Pomeron coupling to individual partons inside the proton.

(PDFs), that describe the structure of the proton target:

d� =
X

i=g,q,q̄

Z
dx fi(x, µ) d�̂�i(ŝ, t, µ) , (2.2)

where ŝ = xs is the photon–parton invariant mass squared, and fi is the PDF for the parton

i which may be a quark (anti-quark) or a gluon. A natural choice for the factorization scale

is µ ⇠
p
|t|. Here x is the longitudinal fraction of the proton light cone momentum carried

by the quark or gluon. In what follows, the transverse two-vectors in the light cone basis

are denoted by the bold characters; for example, we denote the vector meson transverse

momentum as p. In the high energy kinematics we have t ' �|p|2 ⌘ �p2. In Eq. (2.2) the

coupling of the high-t Pomeron to the proton is assumed to occur through coupling to the

individual partons. This approximation was studied in detail and motivated in [35, 60, 61].

In the high energy limit, the kinematic part of the BFKL Pomeron coupling to quarks

and gluons is the same. The only di↵erence between the quark and gluon partonic target

comes from the color factors,

d�̂�i = C�i d�1�P , (2.3)

where C�i, i = q, g, is the color factor and

d�1�P =
1

16⇡ŝ2
��A

�
ŝ, t = �p2

���2 d2p

⇡
, (2.4)

with A being the amplitude to produce the vector meson through a single Pomeron ex-

change (Fig. 2). The amplitude is dominated by the imaginary part, and the correction

coming from the real part enters only at a subleading order in the logarithmic expansion

and may be neglected. The imaginary part of the amplitude reads

ImA
�
ŝ, t = �p2

�
= ŝ

Z
d2k1

2⇡

�V (k1,p)�q (y,k1,p)

(k2
1 + s0) [(p� k1)2 + s0]

, (2.5)
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y = yj � yV
<latexit sha1_base64="XWh3jA6wi8sJEtaKCNYUUUF6xBM=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBiyURQS9C0YvHCvYD2hA22027drMbdidCCP0ZXjwo4tVf481/47bNQVsfDDzem2FmXpgIbsB1v53Syura+kZ5s7K1vbO7V90/aBuVaspaVAmluyExTHDJWsBBsG6iGYlDwTrh+Hbqd56YNlzJB8gS5sdkKHnEKQEr9bJrjLPg8SwL2kG15tbdGfAy8QpSQwWaQfWrP1A0jZkEKogxPc9NwM+JBk4Fm1T6qWEJoWMyZD1LJYmZ8fPZyRN8YpUBjpS2JQHP1N8TOYmNyeLQdsYERmbRm4r/eb0Uois/5zJJgUk6XxSlAoPC0//xgGtGQWSWEKq5vRXTEdGEgk2pYkPwFl9eJu3zuufWvfuLWuOmiKOMjtAxOkUeukQNdIeaqIUoUugZvaI3B5wX5935mLeWnGLmEP2B8/kDHcCQew==</latexit><latexit sha1_base64="XWh3jA6wi8sJEtaKCNYUUUF6xBM=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBiyURQS9C0YvHCvYD2hA22027drMbdidCCP0ZXjwo4tVf481/47bNQVsfDDzem2FmXpgIbsB1v53Syura+kZ5s7K1vbO7V90/aBuVaspaVAmluyExTHDJWsBBsG6iGYlDwTrh+Hbqd56YNlzJB8gS5sdkKHnEKQEr9bJrjLPg8SwL2kG15tbdGfAy8QpSQwWaQfWrP1A0jZkEKogxPc9NwM+JBk4Fm1T6qWEJoWMyZD1LJYmZ8fPZyRN8YpUBjpS2JQHP1N8TOYmNyeLQdsYERmbRm4r/eb0Uois/5zJJgUk6XxSlAoPC0//xgGtGQWSWEKq5vRXTEdGEgk2pYkPwFl9eJu3zuufWvfuLWuOmiKOMjtAxOkUeukQNdIeaqIUoUugZvaI3B5wX5935mLeWnGLmEP2B8/kDHcCQew==</latexit><latexit sha1_base64="XWh3jA6wi8sJEtaKCNYUUUF6xBM=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBiyURQS9C0YvHCvYD2hA22027drMbdidCCP0ZXjwo4tVf481/47bNQVsfDDzem2FmXpgIbsB1v53Syura+kZ5s7K1vbO7V90/aBuVaspaVAmluyExTHDJWsBBsG6iGYlDwTrh+Hbqd56YNlzJB8gS5sdkKHnEKQEr9bJrjLPg8SwL2kG15tbdGfAy8QpSQwWaQfWrP1A0jZkEKogxPc9NwM+JBk4Fm1T6qWEJoWMyZD1LJYmZ8fPZyRN8YpUBjpS2JQHP1N8TOYmNyeLQdsYERmbRm4r/eb0Uois/5zJJgUk6XxSlAoPC0//xgGtGQWSWEKq5vRXTEdGEgk2pYkPwFl9eJu3zuufWvfuLWuOmiKOMjtAxOkUeukQNdIeaqIUoUugZvaI3B5wX5935mLeWnGLmEP2B8/kDHcCQew==</latexit><latexit sha1_base64="XWh3jA6wi8sJEtaKCNYUUUF6xBM=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBiyURQS9C0YvHCvYD2hA22027drMbdidCCP0ZXjwo4tVf481/47bNQVsfDDzem2FmXpgIbsB1v53Syura+kZ5s7K1vbO7V90/aBuVaspaVAmluyExTHDJWsBBsG6iGYlDwTrh+Hbqd56YNlzJB8gS5sdkKHnEKQEr9bJrjLPg8SwL2kG15tbdGfAy8QpSQwWaQfWrP1A0jZkEKogxPc9NwM+JBk4Fm1T6qWEJoWMyZD1LJYmZ8fPZyRN8YpUBjpS2JQHP1N8TOYmNyeLQdsYERmbRm4r/eb0Uois/5zJJgUk6XxSlAoPC0//xgGtGQWSWEKq5vRXTEdGEgk2pYkPwFl9eJu3zuufWvfuLWuOmiKOMjtAxOkUeukQNdIeaqIUoUugZvaI3B5wX5935mLeWnGLmEP2B8/kDHcCQew==</latexit>

Difference between recoil jet and 
vector meson rapidity

Frankfurt, Strikman, Zhalov;   

Deak,Stasto, Strikman

Forshaw, Poludniowski; Enberg, Motyka, Poludniowski

Kotko, Motyka, 
Sadzikowski, Stasto



Anna Staśto, Rapidity gaps in high energy photoproduction, February 9  2022

Vector meson impact factor

12

where k1 and p � k1 ⌘ k2 are transverse momenta of the exchanged gluons, and p is

the transverse momentum carried by the Pomeron. �V , �q are the impact factors for the

vector meson and for the quark, respectively. They are stripped o↵ the color factors. In

addition, the quark impact factor �q is evolved to rapidity y using the BFKL evolution.

The exact form of the impact factors will be described below in this section. The rapidity

evolution length y of the quark impact factor is defined by the relation

y = log

✓
ŝ

⇤2

◆
, (2.6)

where we set ⇤ = ET ⌘

q
M2

V + p2. This choice is di↵erent than the choice made in

earlier studies [4–7], where ⇤ = MV was used. The latter value was selected as a result of

fits driven mostly by the light vector meson high-t photoproduction data. The J/ data,

however, were well described both with ⇤ = ET and ⇤ = MV . Hence in this paper we use

⇤ = ET , the value with a straightforward kinematic motivation. This choice was used e.g.

in Ref. [3].

The small parameter s0 is a phenomenological infrared cuto↵ that mimicks the e↵ects

of the color confinement; the results are, however, finite for s0 ! 0. We introduce this

parameter following the approach proposed in Ref. [62]. The amplitude does not depend

on the produced meson direction in the transverse plane, hence the phase space d2p in

(2.4) may be trivially integrated over the azimuthal angle. We present the results in this

form to keep the notation uniform with the more complicated case of the vector meson

hadroproduction, which we shall describe in Section 3.

x

k1 k1 � p

p

k0
1

k0
1 � p

V

G G

x

k1 k1 � p

p

k0
1

k0
1 � p

V

G G

Figure 2. The diagrams contributing to the cross section for di↵ractive vector meson V photopro-
duction o↵ a parton: a gluon (left) and a quark (right). The non-forward BFKL Green’s function
G is evolved along the rapidity gap between the vector meson and the proton remnants.

In the calculations we take the non-relativistic approximation for the meson wave

function. With this assumption the lowest order photon to vector meson impact factor

reads [33, 63, 64]

�ab
�V (k1,p) = �V (k1,p)

�ab

Nc
, (2.7)

where a, b are color indices of the exchanged gluons, and the kinematic part of the impact

factor reads

�V (k1,p) = 16⇡eeq↵sMV gV


1

M2
V + p2

�
1

M2
V + (p� 2k1)2

�
, (2.8)
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Non-relativistic approximation for the meson wave function.  

The impact factor reads

where k1 and p � k1 ⌘ k2 are transverse momenta of the exchanged gluons, and p is

the transverse momentum carried by the Pomeron. �V , �q are the impact factors for the

vector meson and for the quark, respectively. They are stripped o↵ the color factors. In

addition, the quark impact factor �q is evolved to rapidity y using the BFKL evolution.

The exact form of the impact factors will be described below in this section. The rapidity

evolution length y of the quark impact factor is defined by the relation

y = log

✓
ŝ

⇤2

◆
, (2.6)

where we set ⇤ = ET ⌘

q
M2

V + p2. This choice is di↵erent than the choice made in

earlier studies [4–7], where ⇤ = MV was used. The latter value was selected as a result of

fits driven mostly by the light vector meson high-t photoproduction data. The J/ data,

however, were well described both with ⇤ = ET and ⇤ = MV . Hence in this paper we use

⇤ = ET , the value with a straightforward kinematic motivation. This choice was used e.g.

in Ref. [3].

The small parameter s0 is a phenomenological infrared cuto↵ that mimicks the e↵ects

of the color confinement; the results are, however, finite for s0 ! 0. We introduce this

parameter following the approach proposed in Ref. [62]. The amplitude does not depend

on the produced meson direction in the transverse plane, hence the phase space d2p in

(2.4) may be trivially integrated over the azimuthal angle. We present the results in this

form to keep the notation uniform with the more complicated case of the vector meson

hadroproduction, which we shall describe in Section 3.
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Figure 2. The diagrams contributing to the cross section for di↵ractive vector meson V photopro-
duction o↵ a parton: a gluon (left) and a quark (right). The non-forward BFKL Green’s function
G is evolved along the rapidity gap between the vector meson and the proton remnants.

In the calculations we take the non-relativistic approximation for the meson wave

function. With this assumption the lowest order photon to vector meson impact factor

reads [33, 63, 64]

�ab
�V (k1,p) = �V (k1,p)

�ab

Nc
, (2.7)

where a, b are color indices of the exchanged gluons, and the kinematic part of the impact

factor reads

�V (k1,p) = 16⇡eeq↵sMV gV


1

M2
V + p2

�
1

M2
V + (p� 2k1)2

�
, (2.8)
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where

gV =

s
3MV �V!ll

16⇡↵2
eme2q

, (2.9)

with eq being the charge of the quark in the meson in units of the elementary charge e, MV

– the mass of the vector meson, and �V!ll its leptonic decay width. The photon to vector

meson impact factor (2.8) is valid for the transverse polarizations of the photon and of the

vector meson. The incoming photon is quasi-real hence its polarization is constrained to

be transverse. The amplitude of the transverse photon to longitudinaly polarized vector

meson was estimated in Ref. [33] to be small. Therefore the amplitude described by (2.8)

provides the dominant contribution to di↵ractive vector meson photoproduction.

The quark impact factor in the color singlet channel �1,ab
q (y,k1,p) is also factorized

into the color part and the kinematic part,

�1,ab
q (y,k1,p) = �q (y,k1,p)

�ab

2Nc
, (2.10)

where the notation is the same as in the case of the photon–vector meson impact factor.

The di↵ractive gluon impact factor �1,ab
g di↵ers from the di↵ractive quark impact factor

only by the color factor,

�1,ab
g (y,k1,p) = �q (y,k1,p)

Nc

N2
c � 1

�ab . (2.11)

The kinematic part of the quark impact factor �q (y,k1,p) in (2.5) is the solution of

the non-forward BFKL equation with the initial condition given by the leading order quark

impact factor [62]

�q,0(k1,p) = ↵s . (2.12)

At a given momentum transfer p through the Pomeron, the evolved quark impact factor

�q (y,k1,p) may be represented as convolution of the leading order impact factor �q,0 with

the non-forward BFKL Green’s function Gy:

�q (y,k1,p) =

Z
d2k0

1�q,0(k
0
1,p)Gy(k1,k

0
1;p) . (2.13)

In what follows, we shall use transverse momentum variables k, k0 that reflect the

symmetry of the problem: k = (k2 � k1)/2, k0 = (k0
2 � k0

1)/2. The transverse momenta of

gluons take the form

k1 =
p

2
� k, k2 =

p

2
+ k, k0

1 =
p

2
� k0, k0

2 =
p

2
+ k0. (2.14)

The explicit form of the leading logarithmic BFKL equation that defines the quark impact
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where

gV =

s
3MV �V!ll

16⇡↵2
eme2q

, (2.9)

with eq being the charge of the quark in the meson in units of the elementary charge e, MV

– the mass of the vector meson, and �V!ll its leptonic decay width. The photon to vector

meson impact factor (2.8) is valid for the transverse polarizations of the photon and of the

vector meson. The incoming photon is quasi-real hence its polarization is constrained to

be transverse. The amplitude of the transverse photon to longitudinaly polarized vector

meson was estimated in Ref. [33] to be small. Therefore the amplitude described by (2.8)

provides the dominant contribution to di↵ractive vector meson photoproduction.

The quark impact factor in the color singlet channel �1,ab
q (y,k1,p) is also factorized

into the color part and the kinematic part,

�1,ab
q (y,k1,p) = �q (y,k1,p)

�ab

2Nc
, (2.10)

where the notation is the same as in the case of the photon–vector meson impact factor.

The di↵ractive gluon impact factor �1,ab
g di↵ers from the di↵ractive quark impact factor

only by the color factor,

�1,ab
g (y,k1,p) = �q (y,k1,p)

Nc

N2
c � 1

�ab . (2.11)

The kinematic part of the quark impact factor �q (y,k1,p) in (2.5) is the solution of

the non-forward BFKL equation with the initial condition given by the leading order quark

impact factor [62]

�q,0(k1,p) = ↵s . (2.12)

At a given momentum transfer p through the Pomeron, the evolved quark impact factor

�q (y,k1,p) may be represented as convolution of the leading order impact factor �q,0 with

the non-forward BFKL Green’s function Gy:

�q (y,k1,p) =

Z
d2k0

1�q,0(k
0
1,p)Gy(k1,k

0
1;p) . (2.13)

In what follows, we shall use transverse momentum variables k, k0 that reflect the

symmetry of the problem: k = (k2 � k1)/2, k0 = (k0
2 � k0

1)/2. The transverse momenta of

gluons take the form

k1 =
p

2
� k, k2 =

p

2
+ k, k0

1 =
p

2
� k0, k0

2 =
p

2
+ k0. (2.14)

The explicit form of the leading logarithmic BFKL equation that defines the quark impact

– 8 –

leptonic decay width

Valid for transverse polarization of the photon and vector meson. Since photon quasi-real its 
polarization transverse. Amplitude for transverse photon to longitudinally polarized vector 
meson estimated to be small.
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where k1 and p � k1 ⌘ k2 are transverse momenta of the exchanged gluons, and p is

the transverse momentum carried by the Pomeron. �V , �q are the impact factors for the

vector meson and for the quark, respectively. They are stripped o↵ the color factors. In

addition, the quark impact factor �q is evolved to rapidity y using the BFKL evolution.

The exact form of the impact factors will be described below in this section. The rapidity

evolution length y of the quark impact factor is defined by the relation

y = log

✓
ŝ

⇤2

◆
, (2.6)

where we set ⇤ = ET ⌘

q
M2

V + p2. This choice is di↵erent than the choice made in

earlier studies [4–7], where ⇤ = MV was used. The latter value was selected as a result of

fits driven mostly by the light vector meson high-t photoproduction data. The J/ data,

however, were well described both with ⇤ = ET and ⇤ = MV . Hence in this paper we use

⇤ = ET , the value with a straightforward kinematic motivation. This choice was used e.g.

in Ref. [3].

The small parameter s0 is a phenomenological infrared cuto↵ that mimicks the e↵ects

of the color confinement; the results are, however, finite for s0 ! 0. We introduce this

parameter following the approach proposed in Ref. [62]. The amplitude does not depend

on the produced meson direction in the transverse plane, hence the phase space d2p in

(2.4) may be trivially integrated over the azimuthal angle. We present the results in this

form to keep the notation uniform with the more complicated case of the vector meson

hadroproduction, which we shall describe in Section 3.
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Figure 2. The diagrams contributing to the cross section for di↵ractive vector meson V photopro-
duction o↵ a parton: a gluon (left) and a quark (right). The non-forward BFKL Green’s function
G is evolved along the rapidity gap between the vector meson and the proton remnants.

In the calculations we take the non-relativistic approximation for the meson wave

function. With this assumption the lowest order photon to vector meson impact factor

reads [33, 63, 64]

�ab
�V (k1,p) = �V (k1,p)

�ab

Nc
, (2.7)

where a, b are color indices of the exchanged gluons, and the kinematic part of the impact

factor reads

�V (k1,p) = 16⇡eeq↵sMV gV


1

M2
V + p2

�
1

M2
V + (p� 2k1)2

�
, (2.8)
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where

gV =

s
3MV �V!ll

16⇡↵2
eme2q

, (2.9)

with eq being the charge of the quark in the meson in units of the elementary charge e, MV

– the mass of the vector meson, and �V!ll its leptonic decay width. The photon to vector

meson impact factor (2.8) is valid for the transverse polarizations of the photon and of the

vector meson. The incoming photon is quasi-real hence its polarization is constrained to

be transverse. The amplitude of the transverse photon to longitudinaly polarized vector

meson was estimated in Ref. [33] to be small. Therefore the amplitude described by (2.8)

provides the dominant contribution to di↵ractive vector meson photoproduction.

The quark impact factor in the color singlet channel �1,ab
q (y,k1,p) is also factorized

into the color part and the kinematic part,

�1,ab
q (y,k1,p) = �q (y,k1,p)

�ab

2Nc
, (2.10)

where the notation is the same as in the case of the photon–vector meson impact factor.

The di↵ractive gluon impact factor �1,ab
g di↵ers from the di↵ractive quark impact factor

only by the color factor,

�1,ab
g (y,k1,p) = �q (y,k1,p)

Nc

N2
c � 1

�ab . (2.11)

The kinematic part of the quark impact factor �q (y,k1,p) in (2.5) is the solution of
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Quark and gluon differ only by a color factor

Evolved quark impact factor (kinematic part) 

with BFKL evolution

Non-forward gluon Green’s function

factor �q (y,k1,p) is the following

�q (y,k1,p) = �q,0 (k1,p) + ↵̄s

Z y

0
dy0

Z
d2k0

2⇡

1

(k0 � k)2 + s0("
k2
1

k0 2
1 + s0

+
k2
2

k0 2
2 + s0

� p2
(k0

� k)2 + s0�
k0 2
1 + s0

� �
k0 2
2 + s0

�
#
�q

�
y0,k0

1,p
�

�

"
k2
1

k0 2
1 + (k0 � k)2 + s0

+
k2
2

k0 2
2 + (k0 � k)2 + s0

#
�q

�
y0,k1,p

�
)
, (2.15)

with ↵̄s = ↵sNc/⇡.

The non-forward BFKL equation given in (2.15) is solved numerically, using an ap-
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The independence of the leading order quark impact factor on the angles allows to set

�q,0
�
k2, p2

�
= �q,0 (k,p) = ↵s. Analogously we define �(0)

V

�
k2, p2

�
=

R 2⇡
0 [d�k/(2⇡)]�V (k1,p).

One finds that �(0)
V

�
k2, p2

�
= �V (k1,p)|k1=p/2�k .

Finally, let us note that the cross section (2.2) can be written in terms of (2.4) as

follows:

d�̂ =

Z
dx

(
C�q

X

q

[fq (x, µ) + fq̄ (x, µ)] + C�gfg (x, µ)

)
d�1�P (xs, t) . (2.20)
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Define the auxilliary momenta

Balitsky, Fadin, Kuraev, Lipatov 
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• ZEUS data:  

• H1 data: 

• Generate explicitly  the photon flux 

• Cut on the diffractive mass 

• Here we used LL BFKL with adjustable strong coupling, as a fitting parameter 

• Vary the non-perturbative parameter 

• Change the scale in the rapidity variable 

• PDFs CT14nlo

Our numerical calculations are performed in two ways. First, we use the Monte Carlo

implementation of the cross section formulae which allows for a great flexibility in choice

of distributions one can study. In particular it allows for usage of consistent observables

with those measured. Second, we use direct implementations of the integrals, which serves

as a cross-check and a useful tool for fast studies of smooth distributions.

The analysis of di↵ractive J/ photoproduction at
p
S = 318GeV [1] was performed

by H1 collaboration and was found to be consistent with the previous measurements by

ZEUS [2]. The latter was addressed in the literature at length in the BFKL context, see

[4, 5]. The newer data [1] cover larger �–p c.m.s. energy range 50 <
p
s < 200GeV (vs

80 <
p
s < 120GeV at ZEUS) and much higher momentum transfers: 2 < |t| < 30GeV2

(vs |t| < 12GeV2 at ZEUS). We shall be interested in the cross section as a function of t.

Since we have the Monte Carlo implementation of the hadronic cross section, we can easily

apply the kinematic cuts to be very close to the experimental ones. In particular, instead

of calculating the cross section at fixed average �–p c.m.s. energy as it was the case for

previous studies [4, 5], we can generate explicitly the equivalent photon flux [66]

f� (z,Qmax) =
↵

2⇡

1 + (1� z)2

z
log

✓
(1� z)Q2

max

zm2
e

◆
, (5.1)

and calculate the weighted �–p cross section. Above, me is the electron mass and Qmax ⇠

MV . Following [1], we also restrict the mass of the di↵ractively produced state via the

relation

M2
Y <

|t|

x
, (5.2)

with MY = 30GeV.

There are two main model parameters: the infrared cuto↵ s0 and the slope of the

trajectory in the evolution equation (2.19) given by the fixed strong coupling constant.

The remaining freedom concerns: (i) the ⇤ parameter in Eq. (2.6) which we set to ET =q
p2T +M2

V , (ii) the choice of the hard scale µ entering the strong coupling constant and

the PDFs, (iii) the choice of the PDF set itself. Starting with the last point, we use the

CT14nlo set [67]. The choice of the hard scale is, in principle, more subtle as ↵s may

be running with a di↵erent scale in di↵erent components of the calculation. However, we

simply set µ2 = p2T +M2
V as the scale for the coupling constant in the impact factors and

vary the scale by a factor of two to estimate the theoretical uncertainty. In the LL BFKL

kernel the fixed e↵ective value of the strong coupling constant ↵̄s = 0.14 is used. This

value was adjusted to get a good description of the di↵ractive photoproduction data. It

e↵ectively parametrizes the e↵ect of higher order corrections to the BFKL evolution. The

results of calculations in this setup are presented in Fig. 9 together with H1 data. The

sensitivity to the scale variation is visualized by the shaded boxes. We observe excellent

agreement with data for the assumed parameters. In Fig. 10 we also show in one plot how

di↵erent components of the model influence the results. In this study, the most drastic

changes are generated either by decreasing the s0 cuto↵ to 0.01GeV2 or by increasing the

value of the intercept. Although in both cases the cross section gets increased significantly

by a similar amount, the large |t| tail is di↵erent. The change of the ⇤ scale to the constant
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implementation of the cross section formulae which allows for a great flexibility in choice

of distributions one can study. In particular it allows for usage of consistent observables

with those measured. Second, we use direct implementations of the integrals, which serves

as a cross-check and a useful tool for fast studies of smooth distributions.

The analysis of di↵ractive J/ photoproduction at
p
S = 318GeV [1] was performed

by H1 collaboration and was found to be consistent with the previous measurements by

ZEUS [2]. The latter was addressed in the literature at length in the BFKL context, see

[4, 5]. The newer data [1] cover larger �–p c.m.s. energy range 50 <
p
s < 200GeV (vs

80 <
p
s < 120GeV at ZEUS) and much higher momentum transfers: 2 < |t| < 30GeV2

(vs |t| < 12GeV2 at ZEUS). We shall be interested in the cross section as a function of t.

Since we have the Monte Carlo implementation of the hadronic cross section, we can easily

apply the kinematic cuts to be very close to the experimental ones. In particular, instead

of calculating the cross section at fixed average �–p c.m.s. energy as it was the case for

previous studies [4, 5], we can generate explicitly the equivalent photon flux [66]
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and calculate the weighted �–p cross section. Above, me is the electron mass and Qmax ⇠
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trajectory in the evolution equation (2.19) given by the fixed strong coupling constant.

The remaining freedom concerns: (i) the ⇤ parameter in Eq. (2.6) which we set to ET =q
p2T +M2

V , (ii) the choice of the hard scale µ entering the strong coupling constant and

the PDFs, (iii) the choice of the PDF set itself. Starting with the last point, we use the

CT14nlo set [67]. The choice of the hard scale is, in principle, more subtle as ↵s may

be running with a di↵erent scale in di↵erent components of the calculation. However, we

simply set µ2 = p2T +M2
V as the scale for the coupling constant in the impact factors and

vary the scale by a factor of two to estimate the theoretical uncertainty. In the LL BFKL

kernel the fixed e↵ective value of the strong coupling constant ↵̄s = 0.14 is used. This

value was adjusted to get a good description of the di↵ractive photoproduction data. It

e↵ectively parametrizes the e↵ect of higher order corrections to the BFKL evolution. The

results of calculations in this setup are presented in Fig. 9 together with H1 data. The

sensitivity to the scale variation is visualized by the shaded boxes. We observe excellent

agreement with data for the assumed parameters. In Fig. 10 we also show in one plot how

di↵erent components of the model influence the results. In this study, the most drastic
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Figure 9. The di↵erential cross section d�/dt for the di↵ractive J/ production vs H1 data [1] for
the coupling constant entering the LL BFKL trajectory ↵̄s = 0.14.

Figure 10. Comparison of the di↵erential cross sections d�/dt for the di↵ractive J/ production
for some configurations of the model parameters.

value equal to MV significantly hardens the spectrum. The change to the leading order

PDFs has negligible e↵ect.

Let us now turn to the double-Pomeron contribution to hadroproduction of J/ and ⌥.

The point we want to focus on is the pT -dependence of the vector meson in hadroproduction

at large pT . This is because the various meson production mechanisms are characterized

– 21 –

Very good description of the H1 data. Band due to scale change by factor 2 in impact factors.
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Let us now turn to the double-Pomeron contribution to hadroproduction of J/ and ⌥.

The point we want to focus on is the pT -dependence of the vector meson in hadroproduction

at large pT . This is because the various meson production mechanisms are characterized
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Tests on the variation of the parameters going into the calculation
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Figure 1. Di↵ractive photoproduction of a vector meson V . The zigzag line corresponds to a
perturbative Pomeron coupling to individual partons inside the proton.

(PDFs), that describe the structure of the proton target:

d� =
X

i=g,q,q̄

Z
dx fi(x, µ) d�̂�i(ŝ, t, µ) , (2.2)

where ŝ = xs is the photon–parton invariant mass squared, and fi is the PDF for the parton

i which may be a quark (anti-quark) or a gluon. A natural choice for the factorization scale

is µ ⇠
p
|t|. Here x is the longitudinal fraction of the proton light cone momentum carried

by the quark or gluon. In what follows, the transverse two-vectors in the light cone basis

are denoted by the bold characters; for example, we denote the vector meson transverse

momentum as p. In the high energy kinematics we have t ' �|p|2 ⌘ �p2. In Eq. (2.2) the

coupling of the high-t Pomeron to the proton is assumed to occur through coupling to the

individual partons. This approximation was studied in detail and motivated in [35, 60, 61].

In the high energy limit, the kinematic part of the BFKL Pomeron coupling to quarks

and gluons is the same. The only di↵erence between the quark and gluon partonic target

comes from the color factors,

d�̂�i = C�i d�1�P , (2.3)

where C�i, i = q, g, is the color factor and

d�1�P =
1

16⇡ŝ2
��A

�
ŝ, t = �p2

���2 d2p

⇡
, (2.4)

with A being the amplitude to produce the vector meson through a single Pomeron ex-

change (Fig. 2). The amplitude is dominated by the imaginary part, and the correction

coming from the real part enters only at a subleading order in the logarithmic expansion

and may be neglected. The imaginary part of the amplitude reads

ImA
�
ŝ, t = �p2

�
= ŝ

Z
d2k1

2⇡

�V (k1,p)�q (y,k1,p)

(k2
1 + s0) [(p� k1)2 + s0]

, (2.5)
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• Due to high -t, it is a good process for tests 
of the perturbative Pomeron 

• Suppression of the diffusion of the 
transverse momenta along the ladder. 

• Suppression of the ordered kinematics. 

• Good process to investigate the energy 
dependence, or the dependence on the 
rapidity gap 

• At HERA, limitations  since it was not 
possible to measure the dependence on the 
size of the rapidity gap. Integrated over the 
range of gaps. 

• Ideally, one should measure the process by 
fixing the angle of the recoil jet, and 
measuring in bins of rapidity 

• Simulations performed by fixing x, or the 
angle of the outgoing particle 
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In the numerical calculation we have applied a cut ✓j > 4� directly on the angle ✓j
as given by the formula above.

−

−

(a)

−

−

(b)

Figure 3: Two event selection scenarios. Left (a): Activity in the forward part of the main

detector is required, separated from vector meson by the rapidity gap. Right (b): Only

rapidity gap is required. No activity in the central detector in the forward region. Exact

size of the rapidity gap is unknown.

4.1 Numerical Results and Discussion
For the purpose of plotting the phase space range and study the number of events
produced in the experiment we define variable �Ymin as the minimum size of the
rapidity gap - for given �Ymin: �Y � �Ymin.

We start the analysis from the calculations of the �p cross section and investigat-
ing its behavior. Later on, when we discuss the rates, we shall refer to the ep cross
section, which is obtained by convolution of the �p cross section with the photon
flux. Since there are three variables W, t and x, we first present the cross section as
a function of each variable, keeping the other two fixed. First, in Fig. 4 the �p cross
section dependence on the energy W for fixed x and t with �Ymin = 2 is plotted.
We see the approximately power-like growth of the cross section with the energy W ,
which is an expected result of the BFKL Pomeron exchange.

In Fig. 5 the cross section dependence on t for fixed x and W with �Ymin = 2
is plotted. We observe drop off of the cross section with the increasing momentum
transfer |t|. In the next plots shown in Fig. 6 cross section dependence on x for
fixed t and energy W is shown. In all the plots in Figs. 4-6 we show contributions
of the channel where the Pomeron attaches to either the gluon (blue curve) or the
quark (black curve) from the target as well as their sum (red curve). We can see in
Figs. 4-6, that the gluon contribution is the dominant one, but its relative size to
the quark contribution depends on the value of x. Approaching large x ⇠ 0.3 the
importance of the quark contribution grows. This behaviour is expected and depends
solely on the relative magnitude of gluon and quark parton distribution functions.
The dependence can be seen directly in Fig. 6, where it is observed that the quark
contribution only becomes sizeable at x > 0.3 and dominant at about x > 0.4.
The different x dependence of the cross section as a function of x is of course the
consequence of the different behavior for the quark and gluon distributions.

10

(a)Request the detection of the J/ψ vector meson, rapidity gap, and the activity in the direction 
of the proton beam. 

(b)Request detection of the J/ψ vector meson, rapidity gap. No activity in the forward part of 
the detector. This case has limitations, since the exact size of the rapidity gap is unknown. 
One needs to integrate over that part.
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Figure 5: The dependence of the �p ! V + gap + X cross section on t with x and

W = 130 GeV fixed and �Ymin = 2. Black line: quark contribution. Blue line: gluon

contribution. Red line: sum of contributions.
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where k1 and p � k1 ⌘ k2 are transverse momenta of the exchanged gluons, and p is

the transverse momentum carried by the Pomeron. �V , �q are the impact factors for the

vector meson and for the quark, respectively. They are stripped o↵ the color factors. In

addition, the quark impact factor �q is evolved to rapidity y using the BFKL evolution.

The exact form of the impact factors will be described below in this section. The rapidity

evolution length y of the quark impact factor is defined by the relation

y = log

✓
ŝ

⇤2

◆
, (2.6)

where we set ⇤ = ET ⌘

q
M2

V + p2. This choice is di↵erent than the choice made in

earlier studies [4–7], where ⇤ = MV was used. The latter value was selected as a result of

fits driven mostly by the light vector meson high-t photoproduction data. The J/ data,

however, were well described both with ⇤ = ET and ⇤ = MV . Hence in this paper we use

⇤ = ET , the value with a straightforward kinematic motivation. This choice was used e.g.

in Ref. [3].

The small parameter s0 is a phenomenological infrared cuto↵ that mimicks the e↵ects

of the color confinement; the results are, however, finite for s0 ! 0. We introduce this

parameter following the approach proposed in Ref. [62]. The amplitude does not depend

on the produced meson direction in the transverse plane, hence the phase space d2p in

(2.4) may be trivially integrated over the azimuthal angle. We present the results in this

form to keep the notation uniform with the more complicated case of the vector meson

hadroproduction, which we shall describe in Section 3.

x
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Figure 2. The diagrams contributing to the cross section for di↵ractive vector meson V photopro-
duction o↵ a parton: a gluon (left) and a quark (right). The non-forward BFKL Green’s function
G is evolved along the rapidity gap between the vector meson and the proton remnants.

In the calculations we take the non-relativistic approximation for the meson wave

function. With this assumption the lowest order photon to vector meson impact factor

reads [33, 63, 64]

�ab
�V (k1,p) = �V (k1,p)

�ab

Nc
, (2.7)

where a, b are color indices of the exchanged gluons, and the kinematic part of the impact

factor reads

�V (k1,p) = 16⇡eeq↵sMV gV


1

M2
V + p2

�
1

M2
V + (p� 2k1)2

�
, (2.8)
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Dominance of the scattering off gluon, quark negligible except for very large x

gluon quark
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Double distribution of events in energy and rapidity
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Finally, to complete the analysis of the �p cross section, we have studied numer-
ically also the logarithmic derivative of the cross section in �Y - d ln�/d�Y (23).
We have compared the logarithmic derivative of the cross section evaluated in the
center of the bins with logarithmic derivative of the cross section averaged over
the respective bins. We have found, that the range of values of �Y for which the
Pomeron intercept is accessible is limited and depends on the size of the bins in
which the variables t and x are measured. The larger the size of bins of t and x the
smaller the range in �Y for which the Pomeron intercept is accessible as illustrated
in Fig. 7. The theoretical range (black line in Fig. 7, experimentally inaccessible) of
�Y in case the t and x would be measured in exact points. Pomeron intercept can
not be accessed in lowest x bins in the case of the full size of bins. Since this kind of
measurement would be crucial in distinguishing between different models of vector
meson production in this process a lot of experimental effort must be invested in
measuring x and t in as small bins as possible, which would be determined by the
available statistics. The main conclusion from this study is the observation of the
value of the logarithmic derivative to be around 0.4 � 0.5 which is expected from
the exchange of the BFKL Pomeron in the diffractive amplitude, and a rather weak
dependence on t and x.

We next proceed to study the rates, and in particular the range of the rapidity
gaps (we don’t include the decay branching factor which for the dimuon channel
is about 5%). First, in Fig. 8 we show the plots of the energy dependence of the
number of events for various bins of x and t. This is essentially �p cross section
convoluted with the photon flux and assumed integrated luminosity of L = 10 fb�1

at an EIC. The decrease of the number of events with the energy W is the result of
the y (inelasticity y grows with W ) dependence of the photon flux which decreases
with growing y.

We next analyze the range of the rapidity gaps which can be accessible in various
kinematic setups. To illustrate better the range in rapidity gaps we show in Figs. 9-
10 number of events integrated over the energy W as a function of �Ymin. To be
precise we show the quantity

N(�Ymin) = L
Z

�x
dx

Z

�t
dt

Z ymax

ymin

dy⇥(�Y ��Ymin) �̃�/e (y)
d��⇤p (y)

dtdx
, (25)

where the integrals with subscripts �x and �t mean that one integrates over different
bins in x and t. Limits ymin and ymax are defined by the limits on W which are
taken to be equal to 50GeV, the same as the lower limit at H1 [5] and 140GeV
the maximum energy of EIC. Of course, in reality the cuts on W will have to be
determined by the specific acceptance of the EIC detector, and it is likely that they
will be lower given the lower energy at EIC than HERA. For comparison in Fig. 10
we have changed the W integration range from (50, 140) GeV to (30, 100) GeV.

We also analyze the case when there is a cut imposed on the angle, below which
we require activity in the detector. We have chosen the cut on the angle to be
equal to 4�, which corresponds to pseudorapidty of 3.3. This is in line with current
detector project at an EIC, which assumes coverage of the central detector up to 3.5
units in rapidity in the forward direction. We then compare the number of events
defined in this way without this angular cut (red line) to the number of events where
the cut is applied (blue line). We see that for small x bin, 0.01 < x < 0.05 the blue

11

Number of events with rapidity greater than ΔYmin integrated over W and in 
bins of t and x

Also, evaluate number of events with rapidity greater than ΔYmin as 
differential in W and in bins of t and x

dN

dW
(�Y > �Ymin)
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Impose cuts on the angle below which we require activity: 4o 

Corresponds to pseudorapidity 3.3
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W and Δy dependence : small(moderate) x
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Figure 11: Differential number of events in W in bins in t and x as a two-dimensional

function of W and �Ymin. Left column: no cuts on angle, right column: restriction on

angles 4�. Bin in x 2 (0.01, 0.05). Upper row: bin in |t| 2 (1, 2)GeV2
, lower row: bin in

|t| 2 (4, 8)GeV2
. Integrated luminosity L = 10 fb�1

.
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W and Δy dependence : large x
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Figure 13: Differential number of events in W in bins in t and x as a two-dimensional

function of W and �Ymin. Left column: no cuts on angle, right column: restriction on

angles 4�. Bin in x 2 (0.1, 0.3). Upper row: bin in |t| 2 (1, 2)GeV2
, lower row: bin in

|t| 2 (4, 8)GeV2
. Integrated luminosity L = 10 fb�1

.
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Angular cut most effective on the events with high x and low -t
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Summary
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• Diffractive vector meson production with rapidity gap measurement 

• Good process to test BFKL dynamics, high -t ‘squeezes’ the Pomeron (provides 
high scale and suppresses the diffusion) 

• Sensitive though to preasymptotic effects in BFKL 

• Mostly scattering off gluons, only at high x quarks become important. Can one 
disentangle that ? 

• Growth of cross section by a factor of about 1.6 should be accessible at EIC.  

• Better measurements of this process would be possible if coverage up to 4.5 in 
pseudorapidity (Yellow Report: 3.5) 

• Outlook: impact of resummation effects in the non-forward Pomeron in this 
process 


